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SUMMARY 

Recent research  a c t i v i t i e s  and accomplishments a t  Lewis Research Center  
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on composite mechanics f o r  engine s t r u c t u r e s  a re  reviewed i n  summary form. 

The a c t i v i t i e s  m a i n l y  focused on deve lop ing  procedures f o r  t h e  computat ional  

s i m u l a t i o n  o f  composite i n t r i n s i c  and s t r u c t u r a l  behavior .  The computat ional  

s i m u l a t i o n  encompasses a l l  aspects  o f  composite mechanics, advanced th ree -  
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dimensional  f i n i t e - e l e m e n t  methods, damage to le rance ,  composite s t r u c t u r a l  and 

dynamic response, and s t r u c t u r a l  t a i l o r i n g  and o p t i m i z a t i o n .  

INTRODUCTION 

The a p p l i c a t i o n  o f  composi tes i n  engine s t r u c t u r e s  of fers a m u l t i t u d e  o f  

advantages t o  t h e  use o f  me ta l s .  

l i g h t  weight ,  improved f a t i g u e ,  h i g h e r  damping, reduced number of f a b r i c a t e d  

p a r t s ,  reduced number of j o i n t s ,  and minimum or no f i n a l  machining. Disadvan- 

tages i n c l u d e  a l a r g e r  number o f  thermal and mechanical p r o p e r t i e s ,  low impact  

resistance, low damage tolerance, limited engineering data base, and more com- 

p l e x  analyses.  The complex analyses a re  c o n v e n t i o n a l l y  r e f e r r e d  to  as compos- 

i t e  mechanics. C o n t i n u i n g  research  a c t i v i t i e s  a t  Lewis Research Center have 

l e d  t o  s i g n i f i c a n t  developments i n  composite mechanics for a p p l i c a t i o n  to  

engine s t r u c t u r e s .  

a c t i v i t i e s  and accomplishments i n  composite mechanics f o r  f i b e r - r e i n f o r c e d ,  

po lymer-matr ix  composi tes.  

These advantages i n c l u d e  h i g h  s t i f f n e s s ,  

The o b j e c t i v e  of t h i s  r e p o r t  i s  t o  desc r ibe  r e c e n t  research  

These a c t i v i t i e s  i n c l u d e d  research i n  a l l  aspects of composite mechanics, 

advanced f i n i  te-element methods, composite f r a c t u r e ,  and s t r u c t u r a l  t a i l o r i n g .  



Each research  a c t i v i t y  focused on ( 1 )  c a p t u r i n g  t h e  p h y s i c s  o f  composi te behav- 

i o r  a t  t h e  l e v e l  o f  i n t e r e s t ,  ( 2 )  deve lop ing  an a p p r o p r i a t e  mathematical  model, 

and ( 3 )  deve lop ing  t h e  r e s p e c t i v e  computer code for t h e  computat ional  s imula- 

t i o n .  S p e c i f i c a l l y ,  these i t e m s  i n c l u d e  ( 1 )  i n t e g r a t e d  composite mechanics 

a n a l y s i s  and the  i n t e g r a t e d  composi te ana lyze r  ( I C A N )  computer code, ( 2 )  s i m -  

p l i f i e d  composite mechanics f o r  s t r e n g t h ,  ( 3 )  three-d imensional  f i n i t e - e l e m e n t  

f o r  micromechanics, ( 4 )  composi te f r a c t u r e  toughness and p r o g r e s s i v e  f r a c t u r e ,  

( 5 )  l o c a l  i n t e r l a m i n a r  damage, ( 6 )  pass i ve  damping, and ( 7 )  s t r u c t u r a l  t a i l o r -  

i n g .  Each o f  these i s  desc r ibed  i n  summary form w i t h  i l l u s t r a t i v e  examples 

and b r i e f  d i scuss ions  on i m p l i c a t i o n s  for  p r a c t i c a l  a p p l i c a t i o n s .  Symbols 

used i n  t h e  r e p o r t  a r e  d e f i n e d  i n  t h e  appendix.  Relevant  r e f e r e n c e s  a re  c i t e d  

f o r  a d d i t i o n a l  d e t a i l s  and for comparison w i t h  a v a i l a b l e  da ta .  

INTEGRATED COMPOSITE MECHANICS 

The development o f  composi te mechanics encompasses a l l  aspects  from 

micromechanics to l a m i n a t e  t h e o r y .  P a r t s  o f  t h e  composi te mechanics a l s o  

i n c l u d e  s t r e s s  c o n c e n t r a t i o n s  due t o  open ho les ,  f ree-edge i n t e r l a m i n a r  

s t r e s s e s ,  l am ina te  f a i l u r e ,  and hygrothermal  env i ronmenta l  e f f e c t s .  One way 

to  i n t e g r a t e  a l l  these aspects  o f  composi te mechanics i s  t o  i n c l u d e  them i n  a 

modular,  open-ended, u s e r - f r i e n d l y  computer code. A computer code o f  t h i s  

t ype ,  i d e n t i f i e d  as I C A N  f o r  I n t e g r a t e d  Composite Ana lyze r ,  has been developed. 

Both stand-alone and p o r t a b l e ,  I C A N  i s  based on c o n s t i t u e n t  m a t e r i a l  proper-  

t i e s  which a re  a v a i l a b l e  i n  a r e s i d e n t  d a t a  bank. A d d i t i o n a l  f e a t u r e s  o f  I C A N  

a re  i t s  c a p a b i l i t y  t o  handle h y b r i d s ,  b o t h  i n t r a p l y  and i n t e r p l y ,  and t h e  i n -  

c l u s i o n  o f  t h e  i n t e r p l y  l a y e r  as a d i s t i n c t  m a t r i x  l a y e r .  

The i n t e g r a t e d  a n a l y s i s  c a p a b i l i t y  o f  I C A N  i s  d e p i c t e d  s c h e m a t i c a l l y  i n  

F i g u r e  1 .  

Th is  v e r s i o n  o f  I C A N  has been documented ( t h e o r y  and users manual) i n  

A f l o w c h a r t  and a p o r t i o n  of t h e  i n p u t  d a t a  a r e  shown i n  F i g u r e  2.  
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References 1 and 2 and i s  a v a i l a b l e  through COSMIC ( c o n t a c t  COSMIC, The Un ive r -  

s i t y  of Georgia,  Athens, GA 30602, concern ing t h e  a v a i l a b i l i t y  o f  t h i s  p ro -  

gram). Represen ta t i ve  r e s u l t s  p r e d i c t e d  by I C A N  a re  shown i n  F i g u r e  3 ,  and 

comparisons w i t h  measured d a t a  a r e  g i v e n  i n  Table I ( R e f .  3 ) .  The computer 

code I C A N  i s  a v a i l a b l e  t o  p e r f o r m  t h e  v a r i o u s  composite mechanics t h a t  may be 

r e q u i r e d  for the  a n a l y s i s  of composi te s t r u c t u r e s  for p r o p u l s i o n  systems. 

SIMPLIFIED MICROMECHANICS FOR STRENGTH 

The development o f  composite mechanics has o f t e n  l e d  to  d e r i v a t i o n s  of 

s i m p l i f i e d  s e t s  o f  equat ions f o r  p r e d i c t i n g  s p e c i f i c  composite p r o p e r t i e s .  

These se ts  o f  equat ions a re  usefu l  because a l l  t he  p a r t i c i p a t i n g  v a r i a b l e s ,  

t h e i r  r e l a t i o n s h i p s  t o  each o t h e r ,  and t h e i r  s i g n i f i c a n c e  and c o n t r i b u t i o n  to  

t h e  s p e c i f i c  composite p r o p e r t y  a r e  r e a d i l y  observed. A s e t  o f  t h i s  t y p e  was 

developed for p r e d i c t i n g  p l y  u n i a x i a l  s t r e n g t h s  by u s i n g  r e s p e c t i v e  c o n s t i t u e n t  

p r o p e r t i e s .  A p a r t  of t h i s  s e t  i s  summarized i n  F i g u r e  4 .  The v a r i o u s  

s t r e n g t h s  a re  r e a d i l y  i d e n t i f i a b l e .  The r e q u i r e d  i n p u t s  to  t h e  equa t ions  and 

t h e i r  r e s p e c t i v e  o u t p u t s  a r e  summarized i n  t h e  b l o c k  diagram of F i g u r e  4. A s  

shown, f a b r i c a t i o n  process v a r i a b l e s  ( f i b e r  and v o i d  volume r a t i o s )  and e n v i -  

ronmental e f f e c t s  ( temperature and m o i s t u r e )  a re  accounted for i n  these equa- 

t i o n s .  This s e t  o f  equat ions i s  descr ibed i n  d e t a i l  i n  Reference 4 ,  where 

numer ica l  examples and comparisons w i t h  measured da ta  a re  a l s o  i n c l u d e d .  

A s i m i l a r  s e t  of s i m p l i f i e d  equat ions was developed for p l y  m i c r o s t r e s s e s .  

Th is  s e t  i n c l u d e s  a l l  t h e  equa t ions  r e q u i r e d  t o  p r e d i c t  and assess t h e  m ic ro -  

s t resses  ( s t r e s s  i n  t h e  m a t r i x ,  f i b e r ,  and i n t e r f a c e )  when t h e  p l y  s t r e s s e s  

a r e  known or have been determined by u s i n g  laminate t h e o r y .  

cedure, and l o c a t i o n s  a r e  i l l u s t r a t e d  s c h e m a t i c a l l y  i n  F i g u r e  5. 

o f  equat ions for p r e d i c t i n g  t h e  m ic ros t resses  due t o  p l y  t ransve rse  s t r e s s  a r e  

summarized i n  F i g u r e  6. 

a p p l i e d  p l y  t ransve rse  s t r e s s  i s  equal t o  t ransve rse  ( 1 )  t e n s i l e  and 

The concept,  pro-  

The subset  

Resu l t s  p r e d i c t e d  by us ing  these equa t ions  when t h e  
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( 2 )  compressive s t r e n g t h  a re  summarized i n  F i g u r e  7 .  

t he  s e t  fo r  p r e d i c t i n g  p l y  m ic ros t resses  due t o  o t h e r  p l y  s t r e s s e s  and due t o  

temperature and mo is tu re  a re  desc r ibed  i n  d e t a i l  i n  Reference 5 .  I n  summary, 

t he  development o f  composite mechanics a l s o  i n c l u d e s  s i m p l i f i e d  equa t ions  

which desc r ibe  complex composi te behavior  i n  r e l a t i v e l y  s imple form. 

o f  these equat ions i s  a module i n  I C A N .  

The rema in ing  p a r t s  o f  

Each s e t  

THREE-DIMENSIONAL FINITE-ELEMENT MODELING 

P a r a l l e l  developments i n  composite mechanics i n c l u d e  three-d imensional  

f i n i t e - e l e m e n t  model ing o f  composite behavior  a t  t he  micromechanics s c a l e .  

There a re  seve ra l  reasons for  t h i s  type o f  model ing,  two o f  which a r e  ( 1 )  v a l i -  

d a t i o n  o f  s i m p l i f i e d  equa t ions  and ( 2 )  more d e t a i l e d  e v a l u a t i o n  o f  m ic ro -  

mechan is t i c  behav io r .  Resu l t s  p r e d i c t e d  from a s p e c i f i c  three-d imensional  

f i n i t e - e l e m e n t  model t o  v a l i d a t e  s i m p l i f i e d  micromechanics equa t ions  a r e  sum- 

mar ized i n  F i g u r e  8, where these r e s u l t s  a re  compared w i t h  those p r e d i c t e d  by 

t h e  r e s p e c t i v e  s i m p l i f i e d  equa t ions .  

a r e  summarized i n  Reference 6. The model ing procedure i s  d e s c r i b e d  i n  d e t a i l  

i n  Reference 7.  Two o f  t h e  p r o p e r t i e s  p l o t t e d  i n  F i g u r e  8 ( shear  modulus 

G ~ 2 3  

c u l t  ( i f  n o t  imposs ib le )  to  measure. I n  t h i s  r e s p e c t ,  three-d imensional  

S i m i l a r  comparisons for  o t h e r  p r o p e r t i e s  

and P o i s s o n ' s  r a t i o  V )  are  r a t h e r  d i f f i c u l t  t o  p r e d i c t  and v e r y  d i f f i -  

f i n i t e - e l e m e n t  model ing i s  t h e  o n l y  p r a c t i c a l  means a v a i l a b l e .  

The type o f  three-d imensional  f i n i t e - e l e m e n t  model shown i n  F i g u r e  8, 

r e f e r r e d  t o  as superelement, i s  r e a d i l y  adaptable t o  i n v e s t i g a t i n g  t h e  e f f e c t s  

o f  i n t e r f a c i a l  bonds, disbonds, f i b e r  breaks,  vo ids ,  and even m a t r i x  cracks on 

the  m i c r o s t r e s s  d i s t r i b u t i o n .  I n  a d d i t i o n ,  s t resses  due t o  temperature and 

mo is tu re  can a l s o  be s t u d i e d .  I t  s u f f i c e s  t o  say t h a t  composi te behav io r  a t  

t h e  micromechanics sca le  can be s t u d i e d  and desc r ibed  i n  d e t a i l  by u s i n g  

three-d imensional  f i n i t e - e l e m e n t  model ing and a n a l y s i s  methods. 
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Another form of three-dimensional finite-element modeling is used to eval- 

uate the interlam nar stress field near free edges of angleplied laminates. 

This form is usua ly referred to as progressive finite-element substructur- 

ing. The concept and models are schematically illustrated in Figure 9 with 

typical results for a specific laminate. The details of the procedure are 

described in Reference 8, which includes similar results for other laminates. 

It is interesting to note that interlaminar stress fields near free edges may 

initiate fracture, especially under cyclic loads, which predominate in propul- 

sion structural systems. 

COMPOSITE FRACTURE TOUGHNESS AND PROGRESSIVE FRACTURE 

In addition to other design requirements, composite structures are 

Damage tolerance usually refers to the designed to be damage tolerant. 

ability of the structural component to sustain, without repairs, a specified 

level of preexisting inadvertent damage (defects) for the designed load condi- 

tions and service life. The ability of the material to be damage tolerant is 

usually measured by its fracture toughness, which is characterized by two pa- 

rameters: (1) a defect size (crack length) and ( 2 )  a stress-intensity field 

which will rapidly propagate the defect to fracture. The fracture toughness 

of a material i s  generally determined experimentally. One o f  the convenient 

experimental methods to determine the fracture toughness of a material i s  the 

strain energy release rate (SERR). 

Recent research at Lewis led to the development of a versatile computa- 

tional procedure to determine the interlaminar SERR of composite structures. 

This procedure, described in detail in References 9 and 10, is summarized in 

Figure 10. A loading schematic is shown in Figure 1 1 ,  and representative 

results are shown in Figure 12, where SERR's for each fracture mode are plotted 

as functions of crack length for different angleplied composite laminates. 

5 



The computat ional  procedure can be r e a d i l y  used t o  assess composi te c r i t i c a l  

parameters such as f i b e r  volume r a t i o ,  as shown i n  F i g u r e  13. Th is  t y p e  o f  

computat ional  procedure p rov ides  an i n d i r e c t  b u t  r e p r e s e n t a t i v e  method f o r  

e v a l u a t i n g  the  dam 

a v a i l a b l e  advanced 

a v a i l a b l e  i n  smal l  

A d i r e c t l y  r e  

ge t o l e r a n c e  o f  candidate s t r u c t u r a l  des ign  concepts w i t h  

composite m a t e r i a l s  and w i t h  emerging ones which a r e  o n l y  

l a b o r a t o r y  quan t i  t i e s .  

a ted  and more fundamental research a c t i v i t y  i s  t h e  computa- 

t i o n a l  s i m u l a t i o n  o f  p r o g r e s s i v e  f r a c t u r e  i n  compos 

dure t r a c k s  t h e  p a r t i c i p a t i n g  f r a c t u r e  modes w i t h i n  

(micromechanics and c o n s t i t u e n t s ,  macromechanics, p 

g l o b a l )  i n  a composite s t r u c t u r e .  The procedure i s  

t e  s t r u c t u r e s  

t h e  d i f f e r e n t  

y, l a m i n a t e ,  

desc r ibed  i n  

T h i s  proce- 

sca les  

oca1 , and 

Reference 11. Some r e p r e s e n t a t i v e  r e s u l t s  a t  s e l e c t  sca les  a r e  ( 1 )  d e t a i l e d  

f r a c t u r e  modes a t  t he  micromechanics l e v e l  (Table 111, (2) i n t r a l a m i n a r  shear 

s t r e s s e s  a t  t h e  p l y  l e v e l  ( F i g .  14),  (3) predominate f r a c t u r e  modes a t  t h e  lo-  

c a l  l e v e l  ( F i g .  15),  and ( 4 )  photomicrographs showing a t t e n d a n t  f r a c t u r e  sur-  

f a c e  c h a r a c t e r i s t i c s  ( F i g .  16) .  I t  s u f f i c e s  t o  say t h a t  compu ta t i ona l  proce- 

dures can be developed t o  s i m u l a t e  p rog ress i ve  f r a c t u r e  i n  p r o p u l s i o n  compos- 

i t e  s t r u c t u r e s  by t r a c k i n g  p a r t i c i p a t i n g  f r a c t u r e  modes a t  t h e  v a r i o u s  sca les  

i n  which they  occu r .  

LOCAL DAMAGE EFFECTS ON GLOBAL STRUCTURAL RESPONSE 

Damage t o l e r a n c e  o f  composites ( e s p e c i a l l y  t h a t  a re  due t o  impact)  can 

a l s o  be eva lua ted  by comparing t h e  g l o b a l  s t r u c t u r a l  response o f  undamaged and 

damaged composite s t r u c t u r e s .  The type of damage induced i s  d e s c r i b e d  by the  

user ,  depending on t h e  s p e c i f i c  des ign requi rements.  For example, t h e  i n t e r -  

laminar  damage t o l e r a n c e  o f  composite c a n t i l e v e r s  i s  shown i n  F i g u r e  17 i n  

t e r m s  o f  two g l o b a l  v a r i a b l e s :  ( 1 )  d isplacement and ( 2 )  f r e q u e n c i e s  (Re f .  12) 

The g l o b a l  v a r i a b l e  i s  p l o t t e d  as a f u n c t i o n  o f  e x t e n t  o f  t h e  d e l a m i n a t i o n ,  as 

shown i n  the  schematics.  The r e s u l t s  shown i n  F igu re  17 a r e  i n t e r e s t i n g  

6 



because they  demonstrate t h a t  cons ide rab le  r e l a t i v e  damage must be p r e s e n t  

p r i o r  to  s i g n i f i c a n t  changes ( g r e a t e r  t han  15 p e r c e n t )  i n  g l o b a l  s t r u c t u r a l  

response. 

One p r a c t i c a l  i m p l i c a t i o n  o f  these r e s u l t s  i s  t h a t  f i e l d  i n s p e c t i o n  meth- 

ods based on g l o b a l  s t r u c t u r a l  response w i l l  n o t  be g e n e r a l l y  success fu l  i n  

d e t e c t i n g  r e l a t i v e l y  smal l  changes (about  10 p e r c e n t )  i n  de lamina t ion - t ype  

damage. H igher  v i b r a t i o n  modes need t o  be examined. More p r e c i s e l y ,  t he  h a l f  

wavelength o f  t h e  v i b r a t i o n  mode should approach t h e  damage l e n g t h  (mode 4 and 

g r e a t e r  i n  F i g .  1 7 ( c > ) .  Composite mechanics computa t iona l  s i m u l a t i o n  can be 

used t o  e v a l u a t e  t h e  e f f e c t  

a l s o  to  assess t h e  s e n s i t i v  

techn iques .  

A p p l i c a t i o n s  o f  compos 

s u b j e c t  t h e  composites t o  a 

o f  l o c a l  damage on g l o b a l  s t r u c t u r a l  response and 

ve-eval u a t  i on t y  o f  f i e l d  i n s p e c t i o n  n o n d e s t r u c t  

PASSIVE DAMPING EFFECTS 

t e s  t o  engine fan b lades  or advanced tu rboprops  

broad range o f  e x c i t a t i o n  ( f o r c e d  v i b r a t i o n )  

sources and subsequent f a t i g u e .  

composite b lade  or tu rboprop t o  a v o i d  t h e  f requenc ies  o f  t h e  e x c i t a t i o n  

sources, a t  l e a s t  i n  the  o p e r a t i n g  range. S ince  composi te  b lades  and tu rbo -  

props a r e  made by s t a c k i n g  and bonding m u l t i p l e  l a y e r s ,  i t  i s  n a t u r a l  t o  con- 

s i d e r  pass i ve  damping t o  min imize  or dampen t h e  e f fec ts  o f  t h e  a n t i c i p a t e d  and 

u n a n t i c i p a t e d  e x c i t a t i o n  sources. The pass i ve  damping can be implemented i n  

terms o f  e i t h e r  i n t e r p l i e d  or c o n s t r a i n e d  adhesive l a y e r s .  

The e f f e c t s  o f  pass ive  damping on v i b r a t i o n  modes can be r e a d i l y  e v a l -  

The conven t iona l  p r a c t i c e  i s  t o  des fgn  t h e  

uated,  and the reby  d e s i r a b l e  m a t e r i a l  damping c h a r a c t e r i s t i c s  can be i d e n t i -  

f i e d  by u s i n g  composite mechanics and forced-response f i n i t e - e l e m e n t  

analyses.The computa t iona l  procedure i s  d e s c r i b e d  i n  d e t a i l  i n  Reference 13. 

A composite tu rboprop  i s  i l l u s t r a t e d  i n  F i g u r e  18, and some r e p r e s e n t a t i v e  
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r e s u l t s  w t h  p o s s i b l e  a p p l i c a t i o n s  t o  composite turboprops a re  shown i n  

F igu re  19 As shown i n  F i g u r e  19, t h e  amount o f  damping of the  v i b r a t i o n  mode 

ampl i tude can be determined, and t h e  adhesive l a y e r  m a t e r i a l  c h a r a c t e r i s t i c s  

necessary t o  p r o v i d e  t h i s  damping can be i d e n t i f i e d  as func t i ons  o f  modulus 

and shear s t r e s s .  

STRUCTURAL TAILORING OF COMPOSITE BLADES 

Composite b lade s t r u c t u r a l  des ign r e q u i r e s  the  i n t e g r a t i o n  o f  seve ra l  r e l -  

evant d i s c i p l i n e s ,  i n c l u d i n g  ( 1 )  composite mechanics, ( 2 )  s t r u c t u r a l  a n a l y s i s ,  

( 3 )  f a t i g u e ,  ( 4 )  f l u t t e r ,  (5) impact,  ( 6 )  thermal s t r e s s  a n a l y s i s ,  and (7) 

o v e r a l l  cos ts ,  which i n c l u d e  m a t e r i a l ,  f a b r i c a t i o n ,  o p e r a t i o n ,  maintenance, 

and p r o f i t s .  Each o f  t h e  d i s c i p l i n e s  i s  u s u a l l y  handled by a d i f f e r e n t  i n d i -  

v i d u a l  or group s p e c i a l i z i n g  i n  t h a t  d i s c i p l i n e .  The d i s c i p l i n e  t a s k  i s  per-  

formed s e q u e n t i a l l y  by u s i n g  a p p r o p r i a t e  i n p u t s  from t h e  o t h e r  d i s c i p l i n e s .  

The process u s u a l l y  r e q u i r e s  seve ra l  time-consuming i t e r a t i o n s  to  o b t a i n  a 

s a t i s f a c t o r y  des ign.  An e f f e c t i v e  a l t e r n a t i v e  i s  t o  i n t e g r a t e  t h e  v a r i o u s  par-  

t i c i p a t i n g  d i s c i p l i n e s  and t h e  s p e c i f i e d  des ign requi rements i n t o  a fo rma l  

s t r u c t u r a l  o p t i m i z a t i o n  computer code. 

Research conducted by Lewis Research Center d u r i n g  t h e  r e c e n t  p a s t  l e d  t o  

t h e  development o f  t h e  computer code STAEBL ( S t r u c t u r a l  Tai o r i n g  o f  Engine 

Blades) ,  as desc r ibed  i n  References 14 t o  16. The e s s e n t i a  features/modules 

o f  STAEBL a r e  summarized s c h e m a t i c a l l y  i n  F igu re  20. A d d i t i o n a l  f e a t u r e s  and 

a schematic o f  t h e  model produced by t h e  ded ica ted  f i n i t e - e l e m e n t  module i n  

STAEBL a re  shown i n  F i g u r e  2 1 .  Typ ica l  r e s u l t s  ob ta ined  a re  shown i n  

Table 111. STAEBL, proven to  be v e r y  e f f e c t i v e  fo r  the  des ign o f  engine 

b lades,  i s  p r e s e n t l y  b e i n g  extended f o r  turboprops which have complex i n t e r n a l  

c o n f i g u r a t i o n s  ( F i g .  18 ) .  I n  a d d i t i o n ,  STAEBL has been extended t o  i n c l u d e  

simultaneous t a i l o r i n g  f o r  aerodynamic and s t r u c t u r a l  c o n s i d e r a t i o n s ,  and i t  

8 



has a l s o  been used t o  o b t a i n  des igns i n  severa l  s i t u a t i o n s  where t h e  conven- 

t i o n a l  approach d i d  n o t  succeed. I n  a l l  these s i t u a t i o n s ,  p r o f e s s i o n a l  and 

of magni tude)  reduced. 

ne composi te  s t r u c t u r e s  

u s i n g  s t r u c t u r a l  t a i l o r -  

computer t imes r e q u i r e d  were s u b s t a n t i a l l y  ( i n  o r d e r  

The m u l t i - d i s c i p l i n a r y  des ign  process o f  complex eng 

has been c o m p u t a t i o n a l l y  s imu la ted  and i n t e g r a t e d  by 

i n g  and o p t i m i z a t i o n  concepts and methods. 

CONCLUDING REMARKS 

C o n t i n u i n g  research  a t  Lewis Research Center  i n  composi te  mechanics f o r  

engine s t r u c t u r e s  has l e d  t o  s i g n i f i c a n t  developments i n  a l l  aspec ts  o f  compos- 

i t e  mechanics and has r e s u l t e d  i n  computer codes for r e s p e c t i v e  computa t iona l  

s i m u l a t i o n s .  These i n c l u d e  ( 1 )  i n t e g r a t e d  composite mechanics a n a l y z e r  

( I C A N ) ,  ( 2 )  s i m p l i f i e d  composite micromechanics for s t r e n g t h ,  ( 3 )  t h r e e -  

d imensional  f i n i t e - e l e m e n t  model ing/supere lement  for composi te  micromechanics, 

( 4 )  composi te  f r a c t u r e  toughness and p r o g r e s s i v e  f r a c t u r e ,  (5) l o c a l  i n t e r l a m i -  

nar  damage e f f e c t s  on g l o b a l  s t r u c t u r a l  response, (6) p a s s i v e  damping e f f e c t s ,  

and (7) s t r u c t u r a l  t a i l o r i n g  of composite b lades (STAEBL). Each o f  these a r e  

b r i e f l y  rev iewed and summarized w i t h  r e p r e s e n t a t i v e  examples. 

r i e s  and t h e  i l l u s t r a t i v e  examples i n c l u d e d  demonstrate t h a t  t h e  s t r u c t u r a l  

response o f  complex engine components can be c o m p u t a t i o n a l l y  s i m u l a t e d  a t  a l l  

l e v e l s  o f  composite mechanics. I n  a d d i t i o n ,  t h e  m u l t i d i s c i p l i n a r y  des ign  proc-  

e s s  o f  composite b lades  can be i n t e g r a t e d  i n t o  s t r u c t u r a l  t a i l o r i n g / o p t i m i z a -  

t i o n  codes which r e s u l t  i n  s i g n i f i c a n t  p ro fess iona l  and computer t i m e  sav ings .  

The b r i e f  summa- 
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I ,  11, I11 

S u b s c r i p t s :  

B 

I Q 

APPENDIX - SYMBOLS 

c rack  l e n g t h  

d i ame t e r  

e l a s t i c  modulus 

shear modulus 

t o t a l  s t r a i n  energy r e l e a s e  r a t e  

volume r a t i o  

moi s t u r e  

1 oad 

s t r e n g t h  

temperature 

t h i c k n e s s  

disp lacements 

f ree-edge d i s t a n c e  

s t r u c t u r a l  r e f e r e n c e  axes 

p l y  angle o r i e n t a t i o n  

Po isson ' s  r a t i o  

s t r e s s  

p l y  m a t e r i a l  axes 

opening, shear ing ,  and t e a r i n g  f r a c t u r e  modes 

beam 

compression 

composite p r o p e r t y  

f 1 e x u r a l  

f i b e r  

i n t e r f a c e  

P l Y  

I 10 



m matrix 

n normal t o  interface 

S shear 

S symmetric, shear tangential t o  interface (Fig. 7) 

T tension 

U use 

V voi d 

X,Y,Z structural reference axes properties 

192.3 ply material axes properties 

Superscripts: 

A microstress in intermatrix subregion A 

B microstress in interfiber subregion B 

C microstress in the interface in intermatrix subregion C 

1 1  
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Tu = -300 O F  

ICAN Measured 

TABLE I. - REPRESENTATIVE DATA FOR VARIOUS USE TEMPERATURES Tu 
PREDICTED BY INTEGRATED COMPOSITE ANALYZER 

(ICAN) COMPARED WITH EXPERIMENTAL DATA 

Mater i  a1 Long i tud ina l  e l a s t i c  modulus, k s i  I 
Tu = 70 O F  

ICAN I Measured 

Tu = 200 O F  

ICAN 1 Measured 

Composite la 
Composite 2b 
Composite 3c 

4589 4679 4357 4076 4107 

4440 5300 4114 4300 3948 4200 
1 5587 I 6643 1 f f : :  1 5964 I 5457 I 5981 I 

1 I I I I I I I 
a7781 E-glass c l o t h .  
b7576 E-glass c l o t h .  
CRepresentat ive laminate:  combination o f  7781 and 7576 g lass.  
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TABLE 11. - FRACTURE MODES OF [?e], GRAPHITE/EPOXY 
LAMINATES PREDICTED BY COMPOSITE DURABIL ITY  

STRUCTURAL ANALYSIS (CODSTRAN) 
[Long i tud ina l  tens ion ,  LT; t ransverse  tension, T T ;  
i n t r a p l y  shear, S; and i n t r a p l y  de laminat ion ,  I.] 

P1 Y 
o r i e n t a t i o n ,  

8, 
de9 

0 

3 

5 

Frac ture  mode 

Unnotched Notched Notched 
s o l i d  specimen, specimen, 

specimen w i t h  s l i t  w i t h  ho le  

LT Sa Sa 

LT Sa Sa 

LT LT 

Sb LT LT 

LT Sa Sa 

Sb LT LT 

TT 

75 

90 

TT TT TT 

TT TT TT 

a I n i t i a l  f r a c t u r e  due t o  i n t r a p l y  shear i n  notch- 

bSome i n t r a p l y  shear occu r r i ng  near c o n s t r a i n t s  

CDelaminations occur i n  no tch - t i p  zone p r i o r  t o  any 

dMinirnal i n t r a p l y  shear ing  d u r i n g  f r a c t u r e .  

t i p  zone. 

( g r i p s ) .  

i n t r a p l y  damage. 
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TABLE 111. - EFFECT OF PRESSURE AND THERMAL LOADS ON OPTIMUM 
BLADE DESIGN 

0 

Thickness,  i n .  
Chord, i n .  
Thickness-to- 

chord r a t i o  

50 100 

Weight ,  l b .  
C o n s t r a i n t s  

Mode I 
Mode I 1  
Mode I11 

F1 u t t e r  c o n s t r a i n t  
Root s t r e s s  

Resonance margin  

Pressure  Pressure  and 

Span, p e r c e n t  Span, p e r c e n t  

0 .05 
1 .55  
1 .71  
.510 
.702 

+-p-pg 
9.88 

0 . 0 5  
1 .47  
1 .67  
.520 
.813 

I I I 

aTemperature-dependent p r o p e r t i e s .  

TO 
GLOBAL 
STRUCTURAL 
ANALYSIS i f Y  / 

LAM I NATE X 

LAnlNATE 
THEORY 

............ ........ 
PLY p-/ ~ 

................. 1 
COMPOSITE 
MICROMECHANICS \ 

7 

THEORY 

FROM 
GLOBAL 
STRUCTURAL 
ANALYSIS 

COMPONENT 

LAMINATE 

THEORY I 
NONLINEAR 
HYGROTHERMCHANICAL 
RELATIONSHIPS 

COROSITE 
D MICROECHANICS 
' ?.' THEORY 

CONSTITUENTS M 
MATERIAL PROPERTIES 
P = P(0. T, M I  

FIGURE 1. - ANALYSIS CAPABILITY OF INTEGRATED COMPOSITE ANALYZER ( ICAN) .  
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r COMPOSITE PROPERTIES (FIBMT) 
'& HYBRID COMPOSITE PROPERTIES (COMPP) ' - 1 INHYD MAIN 

PLY PROPERTIES - HYGROTHERMOMECHANICAL RESPONSE (HTM) 
INPUT TO 
ICAN MAIN 

FLEXURAL STRENGTHS (FLEXX) 

PROPERTY GENERATOR FOR INHYL) (IDGER) I - 

ICAN MAIN INPUT DATA 

A 

f - 
THREE-DIMENSIONAL 
PROPERTIES (GACD 3)  

(INHYD) INPUT 

TWO-DIMENSIONAL STRESSES, STRAINS 
PROPERTIES (GPCFD 2) FAILURE CRITERIA 

* 

L 

I - MICROSTRESSES FREE-EDGE STRESSES ~ 

(MCRSTR) (EDGSTR) 

I FAILURE STRESSES PLY STRESWSTRAIN 
(MSCBFL) INFLUENCE COEFFICIENTS ( S T O P Y  

. - -. .- . . 

POISSON'S 
RATIO MISMATCH 
(FESTRE 1 

W I 
(A)  ICAN FLOW CHART. 

- MICROSTRESS STRESS CONCENTRATION 
INFLUENCE COEFFICIENTS FACTORS (STRCNF) 

S U M M A R Y  O F  I N P U T  D A T A  

FOUR P L Y  SYMMETRIC L A M I N A T E .  I C A N  SAMPLE I N P U T  DATA 

DELAMINATION (NUDIFS) 

- - -  CASE CONTROL DECK - - -  
N U N B E R  OF LAYERS :{L = 4 
HUMBER OF L O A D I N G  C O N D I T I O N S  NLC 1 
NUMBER O F  M A T E R I A L  SYSTEMS NNS = 2 

COMSAT CSANB B I D E  R I H D V  NONUDF 
T F F F T 

L A f l I N A T E  CONFIGURATION - - - - - -  ------------------------------------------------------- 
P L Y  NO f l I D  DELTAT DELTAM THETA T - N E S S  

P L Y  1 1 0 . 0 0 0  0 . 0 %  0 . 0  0.010 
P L Y  2 2 0 . 0 0 0  3.0:: 9 3 . 0  0 . 0 0 5  
P L Y  3 2 0.000 0 . 0 %  9 0 . 0  0 . 0 0 5  
P L Y  4 1 0 . 0 0 0  0.0:: 0.0 0.010 

- - -  COMPOSITE PIATERIAL SYSTENS - - - 
PlATCRD M I D  PRIMARY VFP VVP SECONDARY VSC VFS VVS 

I?ATCRD 1 AS--1MLS 0 . 5 5  0.32 A S - - I N L S  0 . 0 0  0 . 5 7  0 . 0 3  
NATCRD 2 SGLAHllHS 0 . 5 5  0 . 0 1  A S - - I K H S  0.40 0 . 5 7  0.01 ________________________________________----------------------------- 

L O A D I N G  C O N D I T I O N S  - - - _ - -  
P Z E S C R I B E D  LOADS FOR THE LOAD C O N D I T I O N  
I N P L A N E  LOADS NX 

NY 

I - 1 0 0 0 . 0 0 0 0  L B / I N  
0 . 0 0 0 0  L B / I N  

NXY 0 . 0 0 0 0  LS/IN 
SENDING LOADS 

TRANSVERSE LOADS 

i R A N 5 V ER 5 E P D E 5 5 U R E 
TZANSVERSE PRESSURE 

FIGURE 2. 

0 . 0 0 0 0  L B . I N / I H  
0.0000 L B . I N / I N  
0.0000 LB. IN/ !S  

MX 
?lY 
NXY 
CNX/QX 0.3000 L S / I N  
D?lY/QY = 0 . 0 0 0 0  L 3 / I N  
PU 
P L  

O . O C O 0  L 3 / S Q .  I N .  
0.3000 L a / S Q .  I N .  

(B) SUMARY OF INPUT DATA. 

- INTEGRATED CWOSITE ANALYZER (IGW). 



USE 
TEMPERATURE, 

Tu ' 
OF 

z, 70 ----- 
- -320 

-423 25 I --- 

O.5 - .6 .7 

FIBER VOLUME RATIO 

(A)  NODULI, 

t *  k x  

.-------- -____ 5 
.5 .6 .? 

FIBER VOLUME RATIO 

(B) RESIDUAL STRESSES. CURE TEMPERATURE. 370 OF. 

2.5 

2.0 

1.5 

1.0 

.5 

0 

* 20 

* 19 

.18 

-17 

.15 I 
.6 .7. 

FIBER VOLUME RATIO 

(C)  HEAT CAPACITY. 

FIGURE 3. - COMPOSITE PROPERTIES I N  SPACE ENVIRONNENTS AS PREDICTED BY ICAN FOR GRAPHITEIEPOXY. 
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MATRIX ENVIRONMENTAL 
PROPERTIES CONDITIONS 

FIBER 
PROPERTIES 

COMPOSITE 
MICROMECHAN I C s  

GEOMETRIC 
CONFIGURATION 

FABR ICATI  ON 
PROCESS 
VARIABLES 

FRACTURE 
TOUGHNESS 

IMPACT 
RES I STANCE 

1. LONGITUDINAL TENSION: 

2.  LONGITUDINAL COMPRESSION: 

FIBER COMPRESSION: 

DELAMINATION/SHEAR: 

MICROBUCKL ING : 

3.  TRANSVERSE TENSION: 

4 .  TRANSVERSE COMPRESSION: 

5. INTRALAMINAR SHEAR: 

6. FOR VOIDS: 

UNIAXIAL 
STRENGTHS 

(A) BLOCK DIAGRAM. 

HYGROTHERMAL 
EFFECTS 

1 

VOID -' 

( B )  UNIAXIAL STRENGTHS, IN-PLANE. 
FIGURE 4 .  - SIMPLIFIED COMPOSITE MICROMECHANICS EQUATIONS FOR STRENGTH. 
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1 .  INTERLAMINAR SHEAR: 

2. SHORT BEAM: SHEAR: 

3. FLEXURAL: 

4. FOR VOIDS: 

s113SB " Sf 1 3 s  

s123SB I-' '123s 

3 k f  SfT 

Sf c 

si?IIF"- 
'fT 1 t- 

3 1  m!- 1 

1-1 
0 0  

VOID -' 

( C )  UNIAXIAL STRENGTHS. THROUGH THE THICKNESS. 

FIGURE 4. - CONCLUDED. 

5- 
'L REPRESENTATIVE 

I NTRAPLY 
REG I ON PLY STRESSES (a!) 

acxx 

COMPOSITE STRESSES (0,) 

2 - 
INTERFACIAL BOND 

Y 
INTERNATRIX INTERFIBER INTRAFIBER 
STRESSES(O (,A)) STRESSES STRESSES ( d ~ ) )  

PLY MICROSTRESSES REPRESENTATIVE INTRAPLY REGION 

FIGURE 5. - PLY MICROSTRESSES THROUGH COMPOSITE STRESS PROGRESSIVE D E C W O S I T I O N .  

CRACK 
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FIGURE 18. - COMPOSITE TURBOPROP AND BLADE STRUCTURE, 
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